We developed a strategy to introduce epitope tag-encoding DNA into endogenous loci by homologous recombination-mediated 'knock-in' . The tagging method is straightforward, can be applied to many loci and several human somatic cell lines, and can facilitate many functional analyses including western blot, immunoprecipitation, immunofluorescence and chromatin immunoprecipitation-microarray (ChIP-chip). The knock-in approach provides a general solution for the study of proteins to which antibodies are substandard or not available.
For ease in constructing directed knock-in of Flag-epitope tags, we developed a universal knock-in vector. The vector contains two multiple cloning sites, sequences that encode a triple Flag epitope tag (3ÂFlag), a neomycin gene flanked by loxP sites and two inverted terminal repeats (Fig. 1) . For targeted knock-in of 3ÂFlag, we inserted sequences homologous to 5¢ and 3¢ regions flanking the target locus into the two respective cloning sites, and packaged the resulting vector into recombinant adeno-associated virus (rAAV). Then we infected cells with targeting virus and selected neomycinresistant clones. We identified correctly targeted clones by genomic PCR and then excised the neomycin gene by infection with adenovirus expressing Cre recombinase. As detailed in Supplementary Methods online, we successfully used this strategy to Flagtag the C terminus of the following five proteins in three different colorectal cancer cell (CRC) lines: STAT3 (signal transducer and activator of transcription 3; Fig. 1c ), PTPN14 (protein tyrosine phosphatase non-receptor 14), MRE11 (meiotic recombination 11), CHD7 (chromodomain helicase DNA-binding protein 7) and N, encoding a new protein ( Supplementary Fig. 1 online) . Knock-in of the 3ÂFlag epitope was highly efficient, with targeting frequency of 1-4% across these five different knock-in experiments (correctly targeted clones/total neomycin-resistant clones; Supplementary Table 1 online), and the efficiency of Cre-mediated excision of the neomycin cassette was 42-83% (Supplementary Table 1 ). The resultant epitope tagged proteins were readily detectable by western blot, immunoprecipitation and immunofluorescence, using commercially available anti-Flag ( Fig. 2 and Supplementary Fig. 1 ). Moreover, Flag-STAT3 retained the ability to activate the expression of a target gene 1 , and Flag-MRE11 remained associated with known interacting proteins 2 , suggesting that the presence of the 3ÂFlag tag is not likely to interfere with targeted protein function ( Supplementary Fig. 2 online). These data indicate that the rAAV-mediated targeting method is feasible for multiple loci across several different CRC cell lines and that 3ÂFlag can serve as a universal epitope for several antibodybased applications.
To test whether the tagging method can be used for global chromatin immunoprecipitation (ChIP) analyses, which require antibodies with very high specificity, we performed ChIP-chip analyses on homozygously tagged STAT3 and hemizygously tagged CHD7 loci. We performed ChIP using antibodies either to the Flag tag, or to native STAT3 or CHD7 proteins. Hybridizations were carried out on tiled microarrays that span the Encyclopedia of DNA Elements (ENCODE) regions 3 . A histogram displaying the intensity ratios of oligonucleotide probes after hybridization showed a skewing of the data in the positive direction, consistent with enrichment of DNA fragments captured by ChIP with Flag antibody ( Fig. 3a and data not shown) . We also plotted intensity ratios by their position along each chromosome. Representative examples of the STAT3 data are shown in Figure 3b and Supplementary   Figure 3 online. We used a computer program incorporating a sliding window and threshold approach to identify genomic sites enriched for STAT3 binding at high confidence (P o 1 Â 10 À15 ) 4, 5 Table 2 online). Using conventional ChIP-PCR we verified 15 of 18 Flag-STAT3 binding sites (83%; Supplementary Fig. 4 online) . Moreover, the relative amounts of enrichment for each site tested were similar between cells expressing Flag-tagged and wild-type STAT3 (R 2 ¼ 0.79), indicating that the efficiency of ChIP was independent of the cell lines and antibodies used. Although we performed these studies on homozygous 3ÂFlag-tagged STAT3, ChIP-chip analysis of heterozygous 3ÂFlag-tagged CHD7 yielded similar amounts of enrichment, indicating that tagging only one copy of a given allele is sufficient for ChIP analyses (data not shown).
Binding profiles from Flag-STAT3 and wild-type STAT3 ChIPchip experiments appear strikingly similar for the 0.5 Mb ENCODE regions shown in Figure 3b . To systematically determine the overlap of STAT3 binding sites for the remaining 29.5 Mb within the ENCODE regions, we selected all sites that were identified by ChIP-chip with antibodies to Flag or wild-type STAT3 (n ¼ 214), and plotted the maximum mean signal intensity value for each site in a scatter plot (Fig. 3c) and heatmap (Fig. 3d) . The plots revealed excellent correlation between sites identified using Flag antibodies and those identified using STAT3 antibodies, suggesting that the vast majority of binding sites identified between experiments overlap, and indicating the fidelity of ChIP results obtained using the epitope-tagging method. Some of the nonoverlapping sites could be due to differences in antibody sensitivity, subtle variations in growth conditions or experimental variability. However, we think that most of the variation is the result of threshold issues related to data processing and is not due to true false negatives. This is supported by both the heatmap (Fig. 3d) and by visual examination of the raw data ( Supplementary Fig. 3) . Regardless of the minor differences, the data suggest that the Flag antibodies are specific for STAT3, and by and large the presence of the tag does not alter the genomic distribution of STAT3.
Using the Clover algorithm 6 and all motifs in the TRANSFAC database 7 , we tested ChIP-chip hits for enrichment of motifs that correspond to known transcription-factor binding sites. As expected, the STAT3 motif was significantly enriched in ChIP-chip hits from cells expressing either Flag-tagged or wild-type STAT3 (P o 0.01; data not shown). Notably, we also detected enrichment of AP-1 and HNF-3 motifs. Interactions between STAT3, c-Jun and HNF-3 have been reported previously 8, 9 , and the enrichment of these motifs may reflect cooperative binding to DNA.
The tagging approach offers several advantages over transgenic expression of recombinant proteins. First, as the epitope-tag sequences are knocked into endogenous loci by homologous recombination, transcriptional regulation by native promoters and enhancers is maintained. Second, the tagging method obviates the need for cloning tagged full-length cDNAs, which can be particularly challenging for large transcripts. Third, as the 3ÂFlag tag serves as a universal epitope for multiple applications, detection methods can be standardized. The targeted knock-in method is fast and inexpensive. Additionally, we have modified the vector so that construction of the targeting vector can be achieved in one step with very high efficiency (480%) ( Supplementary Fig. 5a-c online) 10 . Using the modified vector, an epitope-tagged protein can be generated in approximately one-half the time required for polyclonal antibody production, and this assumes that the resulting antibody would be suitable for ChIP (Supplementary Fig. 5d ). In the future, as highthroughput gene targeting strategies evolve, it should be possible to target virtually every transcription factor within the same or different cell types. Combining this effort with genome-wide ChIP-chip or ChIP-Seq 11 analyses could facilitate the characterization of transcription factor-DNA interaction networks in mammalian cells, similar to studies that are now only feasible in yeast 12 .
